The frequency performance of a GaN heterostructure field-effect transistor is discussed in terms of plasmon-assisted dissipation of LO-mode heat accumulated by non-equilibrium longitudinal optical phonons (hot phonons). Hot phonons cause additional scattering of electrons and also facilitate defect formation. Plasmon-LO-phonon resonance is experimentally resolved in a wide range of experiments such as fluctuations, dissipation, hot-electron transport, transistor frequency performance, transistor reliability, and transistor phase noise.
Introduction
Hot-electron fluctuations originate from scattering and are a key in understanding fast and ultrafast kinetic processes in conductive channels subjected to high electric fields [1] . A channel with two-dimensional electron gas (2DEG) is the main component of a heterostructure field-effect transistor (HFET). A channel in a gallium nitride HFET is located at the heterointerface between a nominally undoped GaN and an AlN and/or its alloys [2] . The initial 2DEG density in an as-grown channel depends on the heterostructure composition: that is, an InAlN alloy barrier supports channels with the highest 2DEG density [3] . Hot-electron effects are most important in the active part of the channel located underneath the gate electrode where the electric field and current concentrate. High density of supplied electric power causes heat accumulation aggravated by build-up of non-equilibrium distribution of longitudinal optical (LO) phonons briefly referred to as "hot phonons" [4] . The hot phonons stay "imprisoned" inside the 2DEG channel until the associated heat is converted into acoustic phonons and other vibrations [5] . Since the 2DEG is formed by the mobile electrons owing to polarization charges, no doping is needed for channel formation. Thus, the hot-electron and hot-phonon effects are not masked by impurity scattering in GaN 2DEG channels. Because of strong Fröhlich interaction in GaN, emission and reabsorption of LO phonons by hot electrons play the main role at high electric fields while electron interaction with acoustic phonons manifests itself predominately at low electric fields.
GaN HFETs demonstrate excellent frequency performance at microwave and millimetre-wave frequencies: its unity-gain cut-off frequency exceeds 300 GHz [6, 7] . The record achievements are supported by advanced short-gate technology and low intensity of impurity scattering. The main disadvantage of short-gate HFETs is low generated power at millimetre-wave frequencies.
The improvement of HFET performance can be expected if the channel contained more electrons. Simultaneously, charging of parasitic and other capacitances would take less time in benefit for frequency performance. A large body of reported maximum cut-off frequencies is observed at some optimal gate voltage: a stronger negative bias is needed when the initial 2DEG density is higher [8, 9] and vice versa [10] [11] [12] . While the optimal gate voltage is a linear function of the initial 2DEG density in as-grown channels, the optimal 2DEG density in the active part of the channel (underneath the gate) is found independent of the gate length and the initial 2DEG density [13] . The resonance-type dependences of the cut-off frequency, phase noise, and reliability of HFETs on the active 2DEG density correlate with similar resonance-type dependences of the hot-electron drift velocity, fluctuations and dissipation of LO-mode heat on the initial 2DEG density in asgrown channels [14] .
The resonant dependence of the cut-off frequency on the 2DEG density necessitates reconsidering physical backgrounds of HFET operation. The novel fluctuation-based approach has been proposed [15] in order to explain the resonant performance of nitride HFETs. This paper discusses the resonant phenomenon in terms of hot-phonon lifetime.
Plasmon-assisted decay of hot phonons
The most direct technique for measuring hot-phonon lifetime is pump-probe Raman scattering [16] . A femtosecond pulse of heavily absorbed laser radiation generates high-energy electrons, they emit hot phonons, and the phonon decay is detected by a femtosecond probe pulse of another laser beam through measurement of time-dependent intensity of anti-Stokes line. The lifetime decreases as the electron density increases in bulk GaN [17] . The plasmon-assisted decay of hot phonons is a plausible explanation for the decrease of the lifetime when the plasmon energy approaches that of the LO-phonon [18] .
Shorter lifetimes cause higher electron drift velocity [19] . Correspondingly, a higher cut-off frequency can be expected for HFETs fabricated from structures with higher electron density unless the plasmon energy exceeds that of the LO-phonon. The bulk electron density for plasmon-LO-phonon energy crossover is ~1·10 19 cm -3 in GaN. The Raman pump-probe technique is difficult to apply to a 2DEG channel with high equilibrium density of electrons, in particular, when the electron density exceeds the value for plasmon-LO-phonon energy crossover. The highest electron densities per unit volume tend to 10 20 cm -3 for GaN 2DEG channels of interest for HFETs [15] .
An alternative technique is based on electron fluctuations [19] (for details see Refs. [20] [21] [22] ). Figure 1 (a) illustrates the observed density dependent hot-phonon lifetime for 2DEG channels (symbols) located in GaN and InGaAs layers [23] . Note that the lifetime is the shortest at the 2DEG density of ~6.5·10 12 cm -2 and ~2.7·10 12 cm -2 for the nitride and the arsenide 2DEG channels, respectively (fitted resonance curves). The resonance takes place in the vicinity of the plasmon-LO-phonon energy crossover, which is in qualitative agreement with the expectation: the crossover density is higher in nitrides because the LO-phonon energy is higher and the plasmon energy is lower as compared with arsenides.
The resonance density shifts when the electron temperature increases and the electron gas occupies more volume because of thermal expansion ( Fig. 1(b) , stars) [15] . In particular, the resonance density is 1·10 13 cm -2 Fig. 1 . Plasmon-assisted decay of hot phonons: (a) resonance dependence on electron density for GaN and InGaAs 2DEG channels [23] , (b) dependence on hotelectron temperature of resonance density for GaN 2DEG channel (stars) [15] .
(a)
when the electron temperature is in the vicinity of 1400 K in the GaN 2DEG channel. The electron temperature increases with the supplied electric power. Correspondingly, the hot-phonon lifetime depends on the supplied electric power as illustrated in Fig. 2 [24] . While the lifetime is ~300 fs at low levels of the supplied power, the minimum value of ~30 fs is reached at the power of ~20 nW/electron, and the values above 100 fs are found at high power levels. The shortest hot-phonon lifetime is observed at ~700 K electron temperature. At this temperature, the resonance 2DEG density is estimated to be 8·10 12 cm -2 . The resonance has also been resolved in drift velocity experiments on gateless GaN channels [25] . Symbols in Fig. 3 illustrate the electron drift velocity measured for different channels at the same applied electric field of 60 kV/cm. The results are fitted with the resonance curve: the highest drift velocity is found at a 2DEG Fig. 2 . Dependence of hot-phonon lifetime on supplied power [24] . Fig. 3 . Resonance dependence of electron drift velocity on 2DEG density for GaN 2DEG channel [25] . Fig. 4 . Unity-gain cut-off frequency against the optimum gate voltage for the best short-gate GaN HFETs fabricated from heterostructures with different asgrown 2DEG density symbols [6] [7] [8] [9] [10] [11] [12] . The maximum of the electron drift velocity has also been observed at 9.5·10 12 cm -2 in an independent experiment [26] . The resonance density depends on electric field [25] , in qualitative agreement with the effect of thermal expansion of electron gas illustrated in Fig. 1(b) .
Plasmon-assisted resonance in GaN HFETs
The highest cut-off frequency of a given HFET is reached when certain optimal voltage is applied to the gate electrode. Consider the recent short-gate GaN HFETs [6] [7] [8] [9] [10] [11] [12] : the 300 GHz milestone has been reached and exceeded (Fig. 4) . When electron density is higher, a stronger negative bias is needed on the gate. For example, the optimal gate voltage is V g opt = -0.5 V when the initial 2DEG density is n init = 1.2·10 13 cm -2 in the as-grown channel, but V g opt = -5.6 V when n init = 2.4·10 13 cm -2 (Fig. 4) . The negative gate voltage reduces the 2DEG density in the active part of the channel underneath the gate.
Let us estimate the electron density in the channel under the gate as follows:
where V g is the gate voltage, C g is the gate capacitance, n init is the initial 2DEG density in the as-grown channel, and e is the elementary charge. An HFET is most vulnerable when a negative voltage is applied to the gate electrode and, after Eq. (1), the electron density underneath the gate is reduced. Correspondingly, the current and the electric field concentrate in the active part of the channel under the gate where the electron density is the lowest and the resistivity is the highest. It is then natural to expect that the channel degradation will most likely originate underneath the gate when an HFET is electrically stressed with high drain and gate voltages. Phase noise is a sensitive tool for monitoring defect formation. A set of nearly identical GaN HFETs was subjected to the same drain voltage for a long period of time at different fixed gate voltages applied to each HFET [27] . Figure 5 illustrates the change in phase noise caused by the stress and measured before and after the stress at low drain and gate voltages.
As expected, the phase noise is intense at the strongest negative bias on the gate during the stress (see Fig. 5 , star at n g = 0.34·10 13 cm -2 ). However, even a 2 dB stronger noise is not expected but observed when the gate bias is weak (n g > 1.3·10 13 cm -2 ). The lowest damage is observed near n g = 1·10 13 cm -2 . The experimental dependence on the average 2DEG density n g (Fig. 5, stars) can be fitted with a simple resonance curve. The optimal 2DEG density for the slowest degradation is 0.94·10 13 cm -2 (curve). The minimum is explained by the lowest number of generated defects -hundred times lower when the HFET is stressed under near-the-resonance conditions. The plasmon-assisted decay of hot phonons suggests a plausible explanation: if the defects are generated during the stress by hot phonons, the hot-phonon effect is weaker when their number is lower, that is, when the lifetime is shorter. The estimated resonance density is in agreement with the data of Fig. 1(b) . Figure 6 illustrates the optimal 2DEG density underneath the gate deduced from the cut-off frequency experiments on GaN HFETs (Fig. 4) . The results are plotted against the optimal gate voltage responsible for the best frequency performance. A comparison of open symbols for the long-gate GaN HFETs and closed symbols for the best short-gate GaN HFETs demonstrates that the results are nearly independent of the gate length and the initial 2DEG density. Thus, the conditions for the best frequency performance are more or less the same despite different gate lengths, gate voltages and cut-off frequencies.
The HFET cut-off frequency is measured as a function of the average 2DEG density n g in the active part of the channel of a GaN HFET [26] . The hot-electron drift velocity is extracted, and the dependence on the density is compared with the resonance curve. The estimated resonance density is 0.95·10 13 cm -2
. The resonance is explained in terms of the hot-phonon lifetime if dependence of the resonance density on the electron temperature is taken into account (Fig. 1(b) ).
Discussion
A large and wide body of experimental data show resonance-type dependence in diverse phenomena such as HFET cut-off frequency, phase noise, and device damage (Figs. 5, 6 ). A resonance LC circuit is often used to explain resonances in the equivalent circuit approach. However, the same hypothetic LC circuit cannot explain the observed resonances in diverse experiments on frequency performance, phase noise, and device damage simultaneously. Therefore, the equivalent circuit approach is not a useful tool for understanding the main cause.
Supposing that there is some fundamental process behind the resonance observed in HFETs, it should manifest itself in any device. Therefore, considering the simplest device can be helpful. The results on gateless channels demonstrate similar resonances (Figs. 1-3) . The hot-electron drift velocity (Fig. 3) is an example of this sort: the resonance is resolved at a fixed electric field when the drift velocity is measured for channels with different electron densities. The drift velocity data can be used to estimate the average time between collisions. The result is in the range of hundreds of femtoseconds. Consequently, ultrafast scattering is involved, and the Boltzmann equation for hot electrons seems to be the most suitable instrument for considering the resonance.
The Boltzmann equation accepts any hypothetic scattering mechanism. If a resonant scattering mechanism were inserted into the Boltzmann kinetic equation for electrons, the electron drift velocity would decrease in the vicinity of the resonance. This contradicts the experimental data (Fig. 3) : the measured drift velocity is higher in channels having the resonant density. Thus, the approach of the Boltzmann kinetic equation for hot electrons fails. Let us consider coupled kinetic equations for hot electrons and hot phonons. When a hypothetic resonance hot-phonon decay mechanism is inserted into the Boltzmann kinetic equation for hot phonons, the phonon mode occupancy decreases at the resonance and causes the associated reduced electron-phonon scattering in agreement with the experimental data on electron drift velocity (Fig. 3) . Thus, a plausible explanation follows from coupling of hot electrons and hot phonons. Intense electron-LO-phonon interaction and weak coupling with the thermal bath causes formation of an almost isolated hot subsystem composed of hot electrons and hot phonons [19] . The main path for energy dissipation from this hot subsystem is conversion of the LO-mode heat into the LA-mode heat (Fig. 7) .
Fluctuations possess important information about fast and ultrafast processes. In particular, the time constant of the conversion can be estimated from experiments on hot-electron fluctuations: the pioneering result of 350 fs for AlGaN/GaN 2DEG channels [19] is in excellent agreement with the result of 380 fs obtained two years later for a similar channel through sophisticated femtosecond pump-probe experiment on LO-phonon-assisted intersubband absorption [28] . These results are in accord with the electron-densitydependent hot phonon lifetime obtained from Raman experiment for bulk GaN [17] when the electron density in the Raman experiment approaches the average bulk density in the 2DEG channels [29] .
The fluctuation technique is perfectly suited for measuring the hot-phonon lifetime in typical voltagebiased GaN-based channels for HFETs. The spatial resolution is high: the fluctuations of current originate where the current flows. Consequently, the technique is applicable to channels of nanometric thickness. The dependence on the electron density and the supplied electric power is essential. The observed non-monotonous dependence on the 2DEG density is explained in terms of plasmon-assisted conversion of the LOmode heat into the LA-mode heat. The optimal conditions for the fastest conversion are associated with the LO-phonon-plasmon resonance. The signatures of the plasmon-assisted conversion of the LO-mode heat manifest themselves in device degradation experiments as well [26, 30] . The HFET degrades relatively slowly and operates faster when dissipation of the LOmode heat is faster.
The optimal 2DEG density depends on the electron temperature controlled by the supplied power (Fig. 2  [24] ). The observed ultrafast conversion of the LOmode heat into LA-mode heat with subsequent drain into the remote heat sink helps in obtaining high drift velocity of the electrons at high electric fields (Fig. 3) . Correspondingly, the frequency performance of GaN HFETs is improved when the active part of the transistor is operated under the near-resonance electron densities (Fig. 6) . The ability to tune the LO-phonon lifetime is an important finding crucial for advanced GaN HFET technology. 
